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j.2012.12Abstract Composite steel ﬂoor decks are used in a large variety of constructions with long spans,
such as administration and commercial buildings, hotels and bridges. Due to decreased ﬂoor mass
and longer span lengths, ﬂoor vibrations have become an area of concern. Floor decks with low
frequencies may be in resonance with the vibrations due to human activities and the resulting accel-
eration may exceed human comfort levels. The design of slender ﬂoor structures, with steel or com-
posite cross sections, is often limited by the serviceability criteria such as deﬂection limits and
vibration behavior, rather than the strength criteria. Control of deﬂections under AISC speciﬁca-
tions requirement is not enough to satisfy the serviceability requirements of the ﬂoor systems for
vibration. In addition, vibration analysis procedures introduced by AISC design Guide No. 11
are based on regularly-shaped structures and simple boundary conditions. In this paper, a case
study for full scale testing of a composite ﬂoor system proposed for a tower at Kuwait state that
was tested prior to construction. The heel-drop and walking tests are performed on ﬂoor systems
with and without raised ﬂoor respectively. Since heel-drop and walking test results would vary in
light of person performance, both tests are carried out three or four times to reduce uncertainty.
The fundamental frequencies and damping ratio of the ﬂoor system are measured. Comparison
of the experimental results with results based on the AISC hand calculations shows that there is
no signiﬁcant difference; therefore the results based on AISC are generally acceptable.
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.001Introduction
The new administration building project is constructed on a
single piece of land of an area 17000 m2. The plot is located
in a very strategic area in Kuwait city. The total building area
is around 140,000 m2 comprising of a 40 storey high quality of-
ﬁce tower with a height of 240 m, an associated car parking
and a landscaped area. The ﬂoor system of the tower consists
of concrete slab over composite deck framed with steel ﬂoor
beams, each 3 m spacing; with 18 m span length and girders.
The problems associated with ﬂoor vibration are not new. Inction and hosting by Elsevier B.V. All rights reserved.
Fig. 2 Prototype for ﬂoor vibration test [13].
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ways be made deep to avoid the inconvenience of not being
able to move on the ﬂoor without shaking everything in the
room [1–3]. Low-frequency ﬂoor vibration serviceability prob-
lems typically arise when a ﬂoor is excited in resonance due to
a walking excitation and the resulting accelerations exceed hu-
man comfort levels for vibration according to the use of the
ﬂoor [4]. Recently various design guides and codes around
the world create design criteria to address the human comfort
issue [5–9]. A number of analytical simpliﬁed hand calculations
allow a structural designer to estimate the dynamic properties
of a ﬂoor system that simulate walking forces and ﬁnally com-
pute the dynamic response of the system [10–12]. Fig. 1 shows
the recommended acceptable peak accelerations for different
environments and their variation with frequency [4]. A proto-
type that simulates a composite ﬂoor for the present tower
with and without raised ﬂoor is tested prior to construction
to conﬁrm the vibration performance of the tower ﬂoor system
as shown in Fig. 2 [13]. Impact tests are conducted in the form
of heel-drop loading to measure the fundamental frequencies
and damping ratio of the ﬂoor system. Based on the calculated
or measured fundamental frequencies, walking tests are con-
ducted across the ﬂoor with different pace frequencies
(1.6 Hz, 1.9 Hz and 2.2 Hz) and walking routes (longitudinal
and transverse). Although the load from pedestrians is domi-
nated by the pacing rate, it also includes higher harmonic com-
ponents caused by the impulsive nature of the load with
frequencies corresponding to an integer multiple of the pacing
rate. One pedestrian walking at a pacing rate of 2.2 Hz will
therefore load the ﬂoor with a force composed of harmonic
components at 2.2 Hz (1st harmonic), 4.4 Hz (2nd harmonic),
6.6 Hz (3rd harmonic), etc. A ﬂoor may be prone to resonance
induced by pedestrian walking, if one or more of its natural
frequencies are within the ranges for (1st harmonic), (2nd har-
monic) or (3rd harmonic). Higher harmonics components for
walking seldom induce unacceptable vibrations. Since theFig. 1 Acceptance criteria [4].annoying vibration amplitudes are caused by a coincidence
of the natural frequency of the ﬂoor with one of the harmonics
of the walking excitation [14]. The results from the experiments
are compared with the levels allowed by AISC guide [4,15].
Objectives of present study
The objectives of this paper can be summarized as follows:
 To establish experimentally the dynamic characteristics
of the ﬂoor slab system in two cases with and without
raised ﬂoor before starting construction.
 To analyze the data measured through heel-drop/walking
tests, then verify if the ﬂoor vibration performance satis-
ﬁes the international acceptance criteria (AISC criteria).
 To compare the fundamental frequency, the acceleration
response and damping ratio from experimental work with
the analytical calculation based on AISC guide.
 To propose recommendations or possible improvement
on the ﬂoor system according to the results of the tests,
if required.
Experimental study
Test preparation
As the material properties, elements dimension and connection
details affect the vibration performance of the ﬂoor system, a
full scale specimen is tested. All the components, including
composite beams, ﬂoor slab, and raised ﬂoor, are identical to
construction process for the tower ﬂoor, especially for the
raised ﬂoor. In the ﬂoor system vibration test, girder span
equals to 8.5 m and span of ﬂoor beams equals to 18.2 m sim-
ilar to actual ﬂoor system.Table 1 Steel material properties.
Elements Section Material Fy Fu
Floor beam UB* 686 · 170 ASTM A572 345 MPa 450 MPa
Girder UB 686 · 170 ASTM A572 345 MPa 450 MPa
Steel beam marked (*) has a 300 · 30 mm plate at bottom ﬂange.
230 Y.G. Mohamed Fahmy, A.N.M. SidkyThe properties of materials are as follows:
Steel sections properties:
Table 1 shows the steel sections properties for ﬂoor beams
and girder.
Concrete properties:
Concrete grade (28 day cube strength) = 61.5 MPa.
Ec = 36168 MPa.
Floor thickness = 120 mm.Front View
Plan View
Section 1
Connection Detail
All Dimensions in mm
Fig. 3 Plan view, front view, Section 1 and cFig. 3 shows a detailed plan of test specimen for ﬂoor vibra-
tion test, including front view, plan view, section detail and
connection detail. Instrumentation to measure vibration
consists of accelerometers which are the instruments that mea-
sure the accelerations at various locations on the ﬂoor. The
accelerometers are connected with dynamic signal analyzer
(DH5922). This device uses the FFT (Fast Fourier Transform)
technique to convert the time domain analysis to frequencyonnection detail of experimental test ﬂoor.
Fig. 4 Accelerometer.
Fig. 5 FFT analyzer connected with laptop.
Fig. 7 Steel plates equivalent to superimposed loads.
An experimental investigation of composite ﬂoor vibration due to human activities. A case study 231domain analysis. The FFT analyzer (DH5922) is attached to
the laptop device as shown Figs. 4 and 5. The measurement
locations as per accelerometers locations shown in Fig. 6.
The equivalence of superimposed loads (actual dead and
live load) is considered and loaded on the ﬂoor system. The
superimposed loads are 2.65 kN/m2 in total, including parti-
tions-load (1.0 kN/m2), service-load (0.3 kN/m2), ceiling-load
(0.45 kN/m2), ﬂoor ﬁnishes (0.40 kN/m2) not including actual
raised ﬂoor weight 0.60 kN/m2, and live load (0.5 kN/m2).Fig. 6 Measurement locatiBefore performing the heel-drop test and walking test, some
steel plates are placed on the sandy bed, which is spread on
the ﬂoor system in advance, to reduce the interaction between
ﬂoor deck and steel plates. The 36 mm thick steel plates and
8 mm thick sand produce an equivalent load to the superim-
posed loads of 2.65 kN/mm2 for the ﬂoor without raised ﬂoor.
The 46 mm thick steel plates and 2 mm thick sand produce an
equivalent load to the superimposed loads of 3.25 kN/mm2 for
the raised ﬂoor system. The locations and detailed dimensions
of the steel plates are shown in Figs. 7 and 8.
Heel-drop test
Heel-drop impacts are ﬁrst adopted to ascertain the frequency
and damping ratios of the ﬂoor system. The heel-drop impact
is realized by a series of movement of a man with 75 kg weight
based on AISC [4]. First keep the knees straight, then shift the
weight to the balls of the feet, lifting the heels approximately
60 mm off the ﬂoor, relax and allow the body to fall essentially
free to the ﬂoor, terminating in an impact as shown in Fig. 9.
The impacts are located at the middle span and the quarter
span of the ﬂoor, respectively, to touch off the 1st, 2nd and
3rd modes of the vibration.
After recording, the response data in the time domain are
converted to the frequency domain using Fast Fourier Trans-
forms, to produce a plot of response against frequency (aons and serial numbers.
Fig. 8 Steel loading plates, positions of heel drop and walking out.
Fig. 9 Heel drop-test.
232 Y.G. Mohamed Fahmy, A.N.M. Sidkypower-spectrum). The peaks of this plot would identify the
natural frequencies of the ﬂoor system. For clarity, the fre-
quencies below 1.0 Hz were ﬁltered out.
Two heel-drop tests were conducted for the ﬂoor systems
with and without raised ﬂoor respectively. One is adjacent to
A5 (accelerometer-5) and another is adjacent to A6 (acceler-
ometer-6) as shown above in Fig. 5. The positions of heel-
drop are shown in Figs. 8 and 9. Typical responses (acceler-
ation against time) and corresponding power spectrum (accel-
eration against frequency) of heel-drop tests at A5 and A6
without raised ﬂoor are shown in Figs. 10 and 11 and with
raised ﬂoor are shown in Figs. 12 and 13. The acceleration
results from heel-drop tests can vary in a wide range due to
reasons such as velocities of impacts. The frequencies below
1 Hz are ﬁltered out. Tables 2 and 3 summarized the results
for natural frequencies at peak acceleration which are ex-
tracted from Figs. 10 and 12 of heel drop tests performed
at point A5 as an example for the two cases with and without
raised ﬂoor.The acceleration power spectrum and the results show that
before and after the installation of raised ﬂoor, the ﬁrst three
natural frequencies are 4.38 Hz, 5.13 Hz, 9.13 Hz, 4.25 Hz,
9.00 Hz, and 3.25 Hz, respectively.
Based on the acceleration response data obtained from the
heel-drop test, the ﬁrst ﬂoor mode damping ratios are calcu-
lated using the following equation based on logarithmic decre-
ment (Anil K. Chopra [16]).
f ¼ 1
2pj
ln
ai
aiþj
where f is the damping ratio ai is the ﬁrst acceleration peaks of
record aiþj is the (i+ j)th acceleration peaks of record.
The heel-drop tests are carried out three times to reduce the
uncertainty, and the data records are namedHD-A5-1, HD-A5-
2 and HD-A5-3 respectively with and without raised ﬂoor. The
vibration signals of Channel-5 are adopted, in such a way that
vibration beyond 20 Hz has been removed by ﬁltering. Tables
4 and 5 illustrate the calculation results of the damping ratios f.
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Fig. 10 Typical responses and corresponding power spectrum due to heel-drop at point A5 without raised ﬂoor.
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Fig. 11 Typical responses and corresponding power spectrum due to heel-drop at point A6 without raised ﬂoor.
An experimental investigation of composite ﬂoor vibration due to human activities. A case study 233The results of the average damping ratios are 1.510% and
1.351% for ﬂoor system with and without raised ﬂoor respec-
tively. The damping ratios are still much lower than the critical
values of damping ratios suggested by AISC [4] 3% for ﬂoor
with non structural components and 2% for ﬂoor with very
few non structural components or furnishings. The difference
in the damping ratios between the experimental results and
the critical damping ratios is due to the lack of nonstructuralcomponents, furnishing and full partition walls in test speci-
men comparing with the real structure.
Walking load test
The excitation is induced by an approximately 75 kg man walk-
ing at a normal pace (1.6 Hz, 1.9 Hz and 2.2 Hz steps respec-
tively) perpendicular (L) and parallel (T) to the joist span of
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Fig. 12 Typical responses and corresponding power spectrum due to heel-drop at point A5 with raised ﬂoor.
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Fig. 13 Typical responses and corresponding power spectrum due to heel-drop at point A6 with raised ﬂoor.
234 Y.G. Mohamed Fahmy, A.N.M. Sidkythe ﬂoor systemwith and without raised ﬂoor. Fig. 14 shows the
schematic diagram of the ﬂoor system vibration test. The data
records are named differently by pace frequencies and walking
routes. During the tests, a metronome is used to maintain a con-
sistent walking pace. For both tests the motion is recorded by
using transducers. Since heel-drop and walking test results varyin light of the person performance, both tests are carried out for
several times to reduce the randomness. Because interest is fo-
cused on lower frequencies and the values of power spectrum
as shown in Figs. 15 and 16 were very low in high frequency
domain, the response record of each test is ﬁltered to exclude
frequencies component above 30 Hz. The same procedures
Table 2 Results of heel-drop tests performed at point A5
without raised ﬂoor.
Location no. Natural frequencies at peak acceleration (Hz)
First – mode Second– mode Third – mode
3 4.38 5.88 5.13
4 4.38 5.77 5.13
5 4.38 5.13 9.13
6 4.38 5.88 5.13
8 4.38 5.13 9.38
Table 3 Results of heel-drop tests performed at point A5 with
raised ﬂoor.
Location no. Natural frequencies at peak acceleration (Hz)
First – mode Second– mode Third – mode
3 4.25 9.00 5.88
4 4.25 9.00 5.88
5 4.25 9.00 3.25
6 4.25 9.00 5.88
8 4.25 9.13 12.25
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Fig. 15 Typical power spectrum in walking test WT-L-2.2
Channel 5 with raised ﬂoor.
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respectively.
The international acceptance criteria on ﬂoor vibrations,
based on AISC criteria [4], is used to evaluate the vibrationTable 4 Results of damping ratio calculation at point A5 without
Data records Peak accelerations (g %) Dampi
1st mode 6th mode 11th mode f from
HD-1 6.55 4.16 2.80 1.445
HD-2 8.20 5.23 3.74 1.432
HD-3 8.49 5.62 3.72 1.313
The damping ratio of ﬂoor system % 1.351
Table 5 Results of damping ratio calculation at point A5 with rais
Data records Peaks accelerations (g %) Dampi
1st mode 6th mode 11th mode f from
HD-1 8.49 5.02 3.57 1.673
HD-2 6.69 3.97 2.97 1.661
HD-3 7.43 4.42 3.08 1.653
The damping ratio of ﬂoor system % 1.510
Fig. 14 Schematic diagram fserviceability of the ﬂoor system. As shown in Figs. 15 and
16 and Tables 6 and 7 all peak accelerations of the ﬂoor vari-
ation recordings satisfy the AISC criteria except for the Chan-
nels 4–6 record measured in walking test WT-T-2.2 with raised
ﬂoor and Channel -5 record measured in walking test WT-L-
2.2 without raised ﬂoor. The highest response is 6.453% g
and higher than AISC limit (5.0% g). In the walking tests,
no matter along longitudinal or transverse route, at 1.6 Hz
or 1.9 Hz pace frequency, the peak accelerations are all at araised ﬂoor.
ng ratios f (%)
1st and 6th f from 1st and 11th Average value per record
1.353 1.399
1.249 1.341
1.313 1.313
ed ﬂoor.
ng ratios f (%)
1st and 6th f from 1st and 11th Average value per record
1.379 1.526
1.292 1.477
1.402 1.528
or the ﬂoor vibration test.
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Fig. 16 Typical power spectrum in walking test WT-L-1.9
Channel 5 with raised ﬂoor.
236 Y.G. Mohamed Fahmy, A.N.M. Sidkylow level and the highest peak acceleration is only 3.56% g.
However, the average response when test performed along lon-
gitudinal route at 2.2 Hz with raised ﬂoor is 5.263% g, as com-
pared to 6.453% g when performed along transverse route.
They are all quite higher than others and overrun the AISC
limits. Comparing the two power spectrums in Figs. 15 and
16 the component of ﬁrst frequency is much higher in WT-
L-2.2 test than that in WT-L-1.9 test. The reason is that the
pacing rate (2.2 Hz) is approximately 1/2 of the ﬁrst ﬂoor nat-Table 7 Results of walking tests WT-T-2.2 (2.2 Hz along transvers
Channel
no.
Peak accel.
record 1 (g %)
Peak accel.
record 2 (g %)
Pea
reco
1 3.48 3.78 3.93
2 4.37 5.07 4.99
3 3.56 4.06 4.31
4 4.83 5.50 5.52
5 5.73 6.94 6.69
6 4.63 5.43 5.53
7 3.42 3.71 3.94
8 4.22 4.96 4.96
9 3.35 3.96 4.08
10 0.95 1.03 1.22
Table 6 Results of walking tests WT-L-2.2 (2.2 Hz along longitudi
Channel
no.
Peak accel.
record 1 (g %)
Peak accel.
record 2 (g %)
Pea
reco
1 3.03 2.62 2.95
2 4.67 3.91 4.46
3 2.79 2.42 2.82
4 4.05 3.79 4.16
5 5.28 4.96 5.30
6 3.52 3.41 3.81
7 2.87 2.51 2.85
8 4.20 3.72 4.04
9 2.95 2.26 2.71
10 1.79 1.60 1.30ural frequencies (4.25–4.38 Hz) and the second harmonic of
the walking pace would be in resonance with the ﬂoor.
Vibration performance evaluation based on AISC
The ultimate acceleration calculated using hand calculation
based on AISC method is 4.73% g, as compared to the highest
test response (5.263% g) when performed along longitudinal
route with raised ﬂoor as shown in Appendix 1. The two re-
sults are about the limit of 5.0% g from AISC Design Guide
11. The peak acceleration value varies in inverse proportion
to the damping ratio f based on the theoretical calculation in
Appendix 1 [4]. If the damping ratio could reach to 3–5%,
which is suggested by AISC for ﬂoor with nonstructural com-
ponents, the responses would be decreased to some extent.
Conclusions
The main conclusions of the work described in this paper are
summarized as follows:
 The highest peak accelerations measured during the test
results and calculated using the AISC-method calculation
were close to or slightly above AISC limitation (5.0% g).
The reasons of high responses are low damping ratio and
low natural frequencies of the ﬂoor system. So the vibra-
tion of the ﬂoor system would relatively increase in some
disadvantageous situations, such as very low damping
ratio and at some special pace frequency.e route) with raised ﬂoor.
k accel.
rd 3 (g %)
Average accel.
after ﬁltered (g %)
Assessment (yes or no)
as per AISC
3.730 Yes
4.810 Yes
3.977 Yes
5.283 No
6.453 No
5.197 No
3.690 Yes
4.713 Yes
3.797 Yes
1.067 Yes
nal route) without raised ﬂoor.
k accel.
rd 3 (g %)
Average accel.
after ﬁltering (g %)
Assessment (yes or no)
as per AISC
2.867 Yes
4.347 Yes
2.677 Yes
4.000 Yes
5.180 No
3.580 Yes
2.743 Yes
3.987 Yes
2.640 Yes
1.563 Yes
An experimental investigation of composite ﬂoor vibration due to human activities. A case study 237 The average damping ratio of ﬂoor system without
raised ﬂoor was 1.351%. For the situation with raised
ﬂoor, the value of average damping ratio was 1.510%
and higher than that of situation without raised ﬂoor,
but still lower than 3.0% critical for ﬂoor with non-
structural components suggested by AISC. One of the
reasons is that there is few nonstructural components
and furnishing (ceilings, ducts, partitions, etc., except
for the raised ﬂoor), as well as partition walls in the test
specimen; in addition, the raised ﬂoor is not well ﬁxed
with other structural components (except for concrete
slab) as real structures, which may provide large damp-
ing and thus decrease the accelerations.
 The measured damping ratio for ﬂoor with nonstruc-
tural components is 1.510% and the recommended
damping ratio for the same ﬂoor based on AISC is
3%. So we expect that after construction of the whole
building is done, the damping ratio could approach
from the recommended one in AISC. Hence, the few
unsuccessful records will improve and approach to rec-
ommended level.
 The ultimate acceleration calculated in AISC method
is 4.73% g and closed to AISC limitation (5.0% g)
when the test damping ratio and subject weight are
used.
 Good correlation was found between the measured nat-
ural frequencies (4.25–4.38 Hz) from heel-drop test and
predicted natural frequencies (3.94 Hz) based on AISC
of the composite ﬂoor.Appendix A. Floor vibration serviceability evaluation using
handmade calculation based on AISC. Fig. 4 shows a detailed
plan for metal deck ﬂoor.
Composite. ﬂoor beam
With an effective concrete slab width = 3.0 m < 0.4 ·
18.2 = 7.28 m, considering only the concrete above the steel
form deck, and using a dynamic concrete modulus of elasticity
nðmodular ratioÞ ¼ Es
1:35Ec
¼ 4:22.
 y2 = 173 mm.
 Moment of inertia = 8.025 · 109 mm4.
 The corresponding deﬂection is 16.65 mm.
 The beam fundamental frequency = 4.38 Hz.
 Using an average concrete thickness of 95 mm, the
transformed moment of inertia per unit width in the
slab direction is 953/12 · 4.22 = 1.693 · 103 mm3.
 The transformed moment of inertia per unit width in
the beam direction is 8.025 · 109/3000 = 2.675 ·
106 mm3.
 The effective beam panel width from AISC design
Guide 11 is 10.267 m.
 The weight of the beam panel is 1200 kN.
Composite. girder
 With an effective slab width of 1/2 · 0.4 ·
8.5 = 1.7 m< 18.2 m.
 Average concrete depth 95 mm, y3 = 104 mm, moment
of inertia = 4.166 · 109 mm4. For the girder, the uniform distributed loading is
60.15 kN/m.
 The corresponding deﬂection of the girder is 4.76 mm.
 The girder fundamental frequency is 8.19 Hz.
 The weight of the girder panel is 682 kN.
Combined. mode properties
The girder span (8.5 m) is less than the joist panel
width(10.14 m), and the edge girder deﬂection is reduced to
4.76 · (8.5/10.267) = 3.94 mm. From AISC Design Guide
11, the combined fundamental frequency is 3.94 Hz and the
combined weight is 1094 kN.
Acceleration. evaluation
 If the damping ratio for ﬂoor with non-structural com-
ponents (ceilings, ducts and partitions) suggested by
AISC is used here, f= 0.03, P0 = 0.29 kN. Accelera-
tion = 0.223% g.
 If the damping ratio obtained in the heel-drop test is
used here, f= 0.0151, P0 = 0.29 kN. Acceleration =
0.442% g.
 If the actual subject weight in the walking test is used
here, P= 0.75 kN, thus f= 0.0151, P0 = 0.311 kN
based on Ref. [12]. Acceleration = 0.473% g.
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